We have investigated changes in gene expression in mouse peritoneal macrophages following infection with virulent Mycobacterium tuberculosis. Using differential-display reverse transcription-PCR (RT-PCR), we have identified a gene that was markedly down-regulated within 6 h of infection and remained so for the duration of the experiment (5 days). On sequencing, this gene was found to encode the murine cytochrome c oxidase subunit VIIc (COX VIIc). Down-regulation of COX VIIc during M. tuberculosis infection was confirmed by three independent techniques: limiting-dilution RT-PCR, RNase protection assay, and Northern analysis. Limitingdilution RT-PCR and Northern analysis were also used to analyze the specificity of this regulation; heat-killed M. tuberculosis, Mycobacterium bovis BCG, and latex beads had no effect on expression of COX VIIc. Downregulation of this enzyme was also confirmed by using adherent cells isolated from spleens of M. tuberculosisinfected mice. These ex vivo macrophages showed apoptotic features, suggesting a possible involvement of cytochrome c oxidase in the programmed cell death of the host cells.
Pathogenic mycobacteria such as Mycobacterium tuberculosis and Mycobacterium leprae can survive and grow within host cells, particularly macrophages. In addition to these pathogenic species, the genus Mycobacterium includes many nonpathogenic species and also species which are pathogenic under certain circumstances, such as in immunocompromised hosts. The ability to withstand the hostile macrophage environment is crucial to mycobacterial pathogenicity; for example, M. tuberculosis is capable of remaining dormant for many years within alveolar macrophages but may start to divide when conditions are suitable. In addition, the initial response to the macrophage at the site of invasion is likely to play a key role in determining the outcome of the interaction and the overall regulation of the ensuing acquired response.
The ability to survive within macrophages is likely to be multifactorial. The organisms themselves have evolved mechanisms for surviving exposure to antimicrobial agents produced by activated macrophages. For example, the leprosy bacillus produces a specific phenolic glycolipid capsule which can protect it against reactive oxygen intermediates (8). Mycobacteria have also evolved mechanisms for regulating their own environment within a host cell. For example, the mycobacterial phagosomal environment does not become acidic due to exclusion of the vesicular proton-ATPase (31) , and mycobacterial components are able to down-regulate the induction of an immune response by macrophages (21, 23) . Thus, the interaction between the host cell and the bacterium represents a balance between antimicrobial activity of the macrophage and evasion mechanisms of the mycobacterium. The demonstration of trafficking of mycobacterial constituents, particularly lipoarabinomannan, a molecule with diverse regulatory activities on host cells, within macrophages (34) emphasizes the cross-talk which can occur between the host cell and the intracellular parasite.
In order to gain additional insights into the mycobacteriummacrophage interaction, we have investigated changes in macrophage gene expression following invasion by and growth of M. tuberculosis. Using differential-display reverse transcription-PCR (DD RT-PCR), we have identified one particular macrophage gene which is rapidly and persistently down-regulated during infection and have demonstrated that this change in expression is specific to infection with M. tuberculosis. Furthermore, expression of this gene was down-regulated in adherent cells isolated from the spleens of M. tuberculosis-infected mice. Such cells showed phenotypic and transcriptional changes which were consistent with programmed cell death, suggesting that down-regulation of the enzyme could be an early event in the commitment to apoptosis.
(Part of this work was published in the proceedings of the 13th European Immunology Meeting [23a] .)
MATERIALS AND METHODS
Bacterial culture. M. tuberculosis H37Rv was grown in Middlebrook medium, and stock cultures of mid-log-phase bacilli were stored in 1-ml aliquots of Dulbecco modified Eagle medium (DMEM) containing 20% heat-inactivated fetal calf serum (FCS) (Advanced Protein Products, Brierly Hill, United Kingdom) in liquid nitrogen. Viable counts of the stock cultures were determined by performing 10-fold serial dilutions in saline and plating onto Middlebrook agar medium. Plates were incubated at 37°C for 3 weeks, and CFU were counted. Mycobacterium bovis BCG was obtained as a lyophilized suspension from Evans Medical Ltd. (Langhurst, England).
Macrophage culture and infection. Peritoneal macrophages were collected from 6-to 8-week-old female BALB/c mice and cultured in DMEM (Flow Laboratories, High Wycombe, United Kingdom) plus 20% FCS without addition of antibiotics. The cells were aliquoted into six-well culture plates (Nunc, Roskilde, Denmark) at a concentration of approximately 10 6 cells per well. After 2 days, the medium was replaced with medium containing approximately 10 6 CFU of live M. tuberculosis (strain H37Rv) or equivalent concentrations of heat-killed (85°C for 30 min) M. tuberculosis, live BCG, or 6.4-m-diameter latex beads (Sigma). Ziehl-Neelsen staining was carried out 24 h later to confirm that the M. tuberculosis had been phagocytosed. reverse, 5Ј-CAT TCA ACC AGA CAT GCA CC; expected product size, 291 bp); bax (forward, 5Ј-GAG CAG CCG CCC CAG GAT G; reverse, 5Ј-GGT GAG CGA GGC GGT GAG GAC; expected product, 417 bp). The PCR mixture contained 5 l of 10ϫ PCR buffer, 5 l of 25 mM MgCl 2 , 1 l of 10 mM dNTP, 0.5 l of 20 M primers, 0.5 l of Taq polymerase (5 U/l), and 5 l of cDNA. Samples were electrophoresed on a 2% agarose gel and visualized with ethidium bromide. For limiting-dilution PCR, cDNAs were serially fourfold diluted.
Northern blot hybridization. Ten micrograms of total RNA per lane was electrophoresed on a 1% denaturing formaldehyde-agarose gel. The RNAs were transferred to a nylon membrane (Hybond Nϩ; Amersham) by capillary elution overnight. The probes for Northern blot hybridizations were the RT-PCR products prepared as described above and labelled with an oligolabelling kit according to the instructions of the manufacturer (Pharmacia Biotech). Unincorporated nucleotides were removed by using a Chroma Spin-100 column (Clontech, Cambridge, United Kingdom), and 10 6 cpm of probe per ml and 1 mg of salmon sperm DNA (Sigma) were added to the hybridization solution. The membranes were prehybridized for 1 h in QuikHyb Solution (Stratagene, Cambridge, United Kingdom) at 65°C in a Mini 10 hybridization oven (Hybaid). Hybridization was carried out at 65°C for 1 h. Filters were washed twice at room temperature in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% SDS and once at 60°C for 30 min with 0.1ϫ SSC-0.1% SDS. The filters were exposed to an X-ray film with an intensifying screen at Ϫ70°C for 24 to 50 h. Filters were stripped of radioactivity by using boiled 0.1ϫ SSC-0.1% SDS, and the RNA was reprobed with a labelled ␤-actin PCR product prepared as described above. Reprobed membranes were processed as described above. To determine quantitative differences between bands, filters were analyzed by phosphorimaging (model 400S PhosphorImager; Molecular Dynamics, Sunnyvale, Calif.).
Preparation of adherent cells from spleen cells. Locally bred athymic (nude) mice were infected by intraperitoneal injection with the virulent M. tuberculosis H37Rv or with saline as a control. Three weeks after infection, the animals were sacrificed, spleens were removed and either 5 ϫ 10 7 single-cell suspensions in DMEM plus 20% FCS were plated into six-well culture plates or 5 ϫ 10 6 singlecell suspensions were plated into four-well Permanox slides (LabTek Chamber Slide; Nunc, Naperville, Ill.). Nonadherent cells were removed after 3 days of culture, and adherent cells were subjected to RNA extraction and TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labelling) assay.
TUNEL assay. Cells were fixed in 2% paraformaldehyde for 30 min. TUNEL staining was performed according to the instructions of the manufacturer (Oncor, Gaithersburg, Md.).
RESULTS
Differential display of mRNA expression in M. tuberculosisinfected macrophages. In order to identify genes which may be up-or down-regulated during infection of macrophages with M. tuberculosis, we used DD RT-PCR. Total RNA was prepared from uninfected and infected murine peritoneal macrophages and reverse transcribed into cDNAs. The resultant cDNAs were amplified with nine combinations of arbitrary and oligo(dT)-anchored primers, and the resultant products were visualized by electrophoresis and autoradiography. Products from infected and uninfected macrophages were compared at 6 h and 5 days after infection in order to identify genes which were differentially expressed during infection. Figure 1a shows a representative differential-display analysis in which M. tuberculosis-infected macrophages and uninfected control macrophages are compared at 5 days after infection. cDNAs were run in duplicate for every DD RT-PCR amplification. One band, designated U 6 1, was found to be down-regulated rapidly (within 6 h of infection) and remained down-regulated throughout the infection. This differentially regulated band was eluted and reamplified (Fig. 1b) for cloning and sequencing. Sequencing revealed that band U 6 1 showed a high degree of identity with the murine mitochondrial enzyme subunit COX VIIc (Fig. 2) .
Confirmation of down-regulation of COX VIIc following infection. Since DD RT-PCR is known to produce a high rate of false-positive results (7), it was necessary to confirm differential expression of COX VIIc. We used an RPA to confirm mRNA levels in uninfected and infected macrophages. The results indicated that there was approximately a 50% decrease in mRNA in 5-day-infected macrophages compared to uninfected cells (Fig. 3) .
Specificity of COX VIIc down-regulation determined by limiting-dilution RT-PCR and Northern analysis.
Because phagocytosis alone can lead to changes in the host cell, we investigated the extent to which the down-regulation of COX VIIc was a specific response to infection with M. tuberculosis. RNA from macrophage cultures infected with live, virulent M. tuberculosis (5 days) was compared to that from macrophages which had phagocytosed latex beads or heat-killed M. tuberculosis or had been infected with live BCG, using limiting-dilution RT-PCR and Northern hybridization.
For limiting-dilution RT-PCR analysis, specific primers based on the published sequence for COX VIIc were used; these primers gave an expected product size of 151 bp. cDNAs from infected macrophages and control cells were diluted in serial fourfold steps prior to the PCR. The results (Fig. 4a) show that at a dilution of 1:256, the message for COX VIIc disappears from the M. tuberculosis-infected macrophages but is still detectable in uninfected and BCG infected cells and in cells which have phagocytosed latex particles or heat-killed M. tuberculosis. Similar experiments were carried out with primers for ␤-actin in order to confirm that the amounts of cDNAs used were similar and that the signal disappeared at the same dilution in each group (Fig. 4b) .
Further confirmation of the specificity of the down-regulation of COX VIIc was obtained by Northern analysis. The hybridization probe was a 32 (lane 4) (4,450 U), BCG-infected macrophages (lane 3) (4,809 U), and macrophages treated with latex beads (lane 2) (4,249 U) showed no significant difference from the uninfected control cells (lane 1) (4,615 U). For loading controls, filters were stripped and reprobed with a labelled ␤-actin probe; Fig. 5b shows that the amounts of RNAs in all five lanes were equal. Thus, the 50% reduction in COX VIIc RNA demonstrated by the RPA was confirmed by Northern analysis, and this downregulation appeared to be specific for macrophages infected with M. tuberculosis. Down-regulation of COX VIIc also occurs in splenic macrophages of mice infected with M. tuberculosis and is associated with apoptosis. In order to investigate whether down-regulation of COX VIIc is a common feature of M. tuberculosisinfected cells, we used an ex vivo model of infection in which splenic macrophages from infected mice are cultured in vitro for 3 days. Such cells are 90% positive for the macrophage marker F4/80 by immunohistochemical staining (data not shown). RNA was extracted from these cells, and RT-PCR was carried out to detect COX VIIc mRNA. As can be seen in Fig.  6a , there was once again a clear down-regulation of COX VIIc mRNA in infected compared to uninfected cells. Because COX VIIc is a subunit of the holoenzyme COX, we also probed for changes in expression of COX I, which forms the core of the whole oxidase complex; again there was a clear down-regulation of mRNA (Fig. 6a) .
COX is associated with the membranes of mitochondria (10) . Since perturbation of mitochondrial membranes is an early event in apoptosis (14, 16, 35) and since apoptosis of mycobacterium-infected cells has been reported (15, 20) , we investigated whether changes in COX VIIc and COX I mRNAs could be correlated with changes in the expression of genes associated with apoptosis. We therefore compared expression of the gene encoding the prosurvival molecule Bcl-2 (16, 22, 30, 32, 35) with that of the gene encoding the proapoptotic protein Bax (22) . As is evident from Fig. 6 , there is a striking down-regulation of bcl-2 and a corresponding up-regulation of bax in the infected ex vivo cells. The fact that these ex vivo cells were apoptotic was confirmed by using a TUNEL assay to demonstrate the presence of cells undergoing programmed cell death (Fig. 6b) .
DISCUSSION
In order to be able to survive and grow within macrophages, pathogenic bacteria, such as mycobacteria, have to avoid or resist exposure to the microbicidal potential of those cells. In order to investigate mechanisms by which this might be achieved, we have used DD RT-PCR to investigate the influence of phagocytosed M. tuberculosis on macrophage gene expression. DD RT-PCR allows identification of mRNAs that are uniquely expressed by a cell or tissue type, by cells at various stages of development, or by cells responding to different stimuli (2, 18, 19) . The value of DD RT-PCR lies in the possibility of isolating and identifying new genes involved in a particular cellular response rather than monitoring expression of known genes. The nine combinations of arbitrary and anchored primers which were used in this study allow analysis of only a small fraction of the macrophage mRNA population to be investigated. Nevertheless, several differentially expressed mRNAs were identified. We were particularly interested in one of these, designated U 6 1, because it was rapidly down-regulated following infection and remained so throughout the course of the infection. Sequencing of this band revealed it to encode COX VIIc; subsequent analysis of expression of the gene encoding COX VIIc, carried out by using probes and primers based on the COX VIIc sequence (rather than the U 6 1, sequence), confirmed that this gene is down-regulated. Three techniques, i.e., RPA, limiting-dilution RT-PCR, and Northern analysis, were used to confirm and quantify the degree of down-regulation of the COX VIIc gene and to investigate the specificity of the response. These three techniques were all used with independently generated material, and hence the findings were confirmed by using the three different techniques. The results indicate that there is approximately a 50% reduction in COX VIIc mRNA in macrophages infected with live M. tuberculosis compared to macrophages infected with BCG, untreated macrophages, or macrophages which had phagocytosed latex particles or heat-killed M. tuberculosis. Since M. tuberculosis and BCG are closely related organisms, this implies that down-regulation of COX VIIc is a very specific response and hence may be important in the infection process. The fact that both COX VIIc and COX I are significantly down-regulated in ex vivo cells cultured from M. tuberculosis-infected mice (Fig. 6a) suggests that this response is genuinely associated with the infection process.
COX is the terminal enzyme of the electron transport chain (10) . It catalyzes the reduction of oxygen to water. The electron donor is cytochrome c, and the reaction results in translocation of protons across the organelle membrane (6) . COX is located in the mitochondrial membrane, and some of its subunits are encoded in mitochondrial DNA, while others are encoded in the nucleus. The subunit COX VIIc is encoded in the nucleus (11, 27) , and the protein is translocated to the mitochondria, where it is incorporated into the membranebound COX complex. Several possible physiological effects of down-regulation of COX VIIc by M. tuberculosis might be envisaged. First, it could reflect a general interference with oxidative metabolism and in particular the generation of reactive oxygen species. Reactive oxygen species are known to be important components of the antimicrobial defense system of macrophages, and M. tuberculosis is thought to inhibit the macrophage oxidative burst (5, 24, 28) as a survival mechanism; this could be achieved by transcriptional regulation of host cell genes involved in oxidative metabolism. Alternatively, the response could reflect the importance of apoptosis in the macrophage-mycobacterium interaction. A number of intracellular pathogens have been shown to induce apoptosis in infected host cells (1, 9, 20, 38) , and this has been shown to be the case for macrophages infected with mycobacteria (15, 20) . Perturbation of the mitochondrial outer membrane is a key feature of apoptotic death (14, 17, 35, 36) . Since COX is a mitochondrial membrane-embedded protein, down-regulation of COX could represent either an early apopotic signalling event or a downstream consequence of apoptotic signalling.
In order to investigate the association between changes in expression of COX-encoding genes and genes known to be involved in apoptosis, we used the ex vivo model to look at changes in expression of bcl-2 and bax. The bcl-2 oncogene promotes hemopoietic survival and cooperates with c-myc to immortalize cells (32) ; thus, up-regulation of bcl-2 is associated with cell survival (35) . Bax, on the other hand is a proapoptotic protein; up-regulation of bax is associated with accelerated programmed cell death (22) . In our ex vivo model system the down-regulation of bcl-2 and up-regulation of bax (Fig. 6a) indicate that the host cells were committed to apoptosis, a fact confirmed by TUNEL staining. Proapoptotic changes in expression of bcl-2 and bax, along with the down-regulation of the genes encoding COX I and COX VIIc, were also shown to occur within 6 h of infection of peritoneal macrophages in vitro, before apoptotic cells could be detected by TUNEL staining (data not shown); this suggests that changes in COX gene expression are part of an early commitment to programmed cell death.
The regulation of cytokine-encoding genes in macrophages infected with mycobacteria has been widely investigated (3, 4, 12, 13, 24, 25, 29, 37) . In this study we demonstrate that mycobacterium-macrophage interactions are likely to involve the cross-regulation of many genes other than those encoding cytokines. Of course, many of these changes are likely to be the result of phagocytosis or nonspecific interactions between intracellular bacteria and macrophages. However, the demonstration of at least one gene which is transcriptionally regulated in a manner which is relatively specific to infection with M. tuberculosis emphasizes that both the pathogen and the host have evolved specific mechanisms for coping with the interaction. Understanding of these mechanisms should shed new light on the pathogenesis of tuberculosis.
